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ABSTRACT 
The study of the  e f f e c t  of stand, a t  various temperatures, on 
the  tubular  g raph i t i c  nickel  oxide electrode was concluded. 
Phase I w a s  brought t o  an end. 
With t h i s ,  
The inves t iga t ion  i n t o  t h e  e f f e c t  of overcharge on the  composition 
of t he  s in te red  n i cke l  oxide electrode was continued. 
of a two p l a t e  c e l l  was continually monitored by X-ray equipment during 
charge, overcharge and stand, Diffract ion pa t t e rns  were taken between 
the  angles of 2e = 12' t o  14,5O. 
and the  dec l ine  on stand, of a peak between these two angles were noted, 
I n  a separa te  experiment, it was shown t h a t  no "strange" l i n e s  occurred 
because of c r y s t a l l i z a t i o n  of KOH during overcharge. 
The pos i t i ve  e lec t rode  
The growth during charge and overcharge, 
The study concerned with the e f f e c t  of state-of-charge on the  
composition of s in te red  p l a t e  nickel oxide e lec t rodes  was continued. The 
study was made by means of X-ray d i f f r ac t ion  pa t t e rns  obtained from p o s i t i v e  
e lec t rodes  charged and discharged t o  var ious degrees a t  t he  C and C/10 r a t e s .  
The ana lys is  of pos i t i ve  electrodes a t  var ious s t a t e s  of charge, by means 
of d i f f e r e n t i a l  thermal ana lys i s  and chemical ana lys i s  has  been s t a r t e d .  
Pos i t i ve  electrodes discharged t o  the  "graphitic" l eve l  w e r e  
a l s o  analyzed by means of X-ray and D.T.A. 
I, INTRODUCTION 
A, PURPOSE 
Work performed under t h i s  cont rac t  is  d i r ec t ed  (1) toward an 
i d e n t i f i c a t i o n  of t h e  n i cke l  oxide compounds formed during charge and 
discharge of t h e  e lec t rodes ;  (2) t o  determine when they a r e  formed; 
(3) t o  determine which f a c t o r s  (such as cur ren t  dens i ty  and temperature) 
a f f e c t  the  charge process;  (4) t o  relate t h e  she l f  loss process t o  these  
compounds, and ( 5 )  t o  determine the compounds which disappear during 
discharge of these  e lec t rodes  . 
I n  order t o  accomplish t h i s ,  a th ree  phase programhas been 
devised . 
- 
Phase I i s  d i r ec t ed  toward a study of she l f  l i f e  changes i n  
t h e  n i c k e l  e lec t rode  a t  room temperature and c e r t a i n  l o w  and elevated 
temperatures. 
Phase I1 dea l s  with the  forms of n i cke l  oxides appearing a t  
var ious  states of charge, and a l s o  with t h e  appearance of uns tab le  oxides 
during dynamic overcharge. 
Phase I11 d e a l s  with methods t o  prepare p o s i t i v e  s i n t e r e d  p l a t e  
e l ec t rodes  which are s t a b l e  a t  high temperatures with respec t  t o  she l f  
and cycle life. 
B, MEETINGS 
On January 5, 1965 a meeting was he ld  with Mr. W. Nagel of 
Nasa Lewis; Mr. P. Ritterman, D r s .  R. C. %air and E. N. Seiger represented 
Gulton Indus t r ies .  The meeting took p l ace  a t  Gulton Indus t r i e s ,  Metuchen, 
a 
N e w  Je r sey .  It was  decided t o  continue work as had been planned. 
The three  phase programwhich has been described i n  t h e  F i r s t  
and Second Quarterly Reports deals with the  following: 
A, P H A S E 1  
The e f f e c t  of stand on the chemical, electrochemical and s t ruc -  
t u r a l  c h a r a c t e r i s t i c s  of t he  s in te red  n i cke l  and tubular graphi te  n i cke l  
e l ec t rode  w a s  investigated.  
X-ray d i f f r a c t i o n ,  chemical ana lys i s ,  d i f f e r e n t i a l  thermal ana lys i s ,  and 
spectrograph. 
B, PHASE 11 
These c h a r a c t e r i s t i c s  have been s tudied  by 
The oxides of n icke l  formed during overcharge have been studied. 
Since these  oxides are uns tab le ,  it w a s  necessary t o  study them during 
continuous overcharge by means of X-ray d i f f r a c t i o n  pa t t e rns .  The appear- e 
ance, growth, s h i f t ,  and u l t imate  disappearance of l i n e s  not  assoc ia ted  
with s t a b l e  n icke l  oxides and nickel have been followed. 
The e f f e c t  of state of charge and rate of charge on t h e  s t ruc -  
t u r a l  chemical and electrochemical c h a r a c t e r i s t i c s  of s i n t e r e d  n i cke l  
e l ec t rodes  w e r e  studied. The same w i l l  be done fo r  tubular  electrodes.  
C. PHASE I11 
The s t a b i l i z a t i o n  of nickel compounds formed during charge and 
overcharge i n  a n i cke l  e l ec t rode  w i l l  be attempted, e spec ia l ly  fo r  high 
temperature use. Electrodes w i l l  be evaluated f o r  t h e i r  performance a t  
elevated temperatures up t o  7OoC. This evaluation involves t e s t i n g  of 
e lec t rodes  ind iv idua l ly  and as  par t  of c e l l s .  The d e t a i l s  of t hese  test  
procedures have been f u l l y  discussed i n  the  f i r s t  two Quarterly Reports. 
111. EXPERIMENTAL PROCEDURES 6 RESULTS 
4. 
I 
A. EXPERIMENTAL PROCEDURES 
1. Phase I 
The procedures involving construct ion,  forming, cycling, and 
charac te r iza t ion  of tubular  and s in t e red  n icke l  e lec t rodes  have been 
reported and discussed i n  d e t a i l  i n  the F i r s t  and Second Quarterly 
Reports. 
The study of the  e f f e c t  of prolonged stand a t  various temperatures 
C e l l s  of tubular nickel  e lectrodes was completed during t h i s  quarter .  
8 ,  2 ,  and 24 which had been three months on stand a t  10°C, 25OC, and 
5OoC w e r e  opened and the  pos i t ive  mater ia l  X-rayed. 
2. Phase I1 
(a) Unstable Nickel Oxides 
A two p l a t e  c e l l  having a p o s i t i v e  e lec t rode  1 x 2 x 0.09 cm., 
and a negative electrode of the same thickness but twice the a rea ,  
were contained within a polyethylene bag. The pos i t i ves  and nega- 
t i v e s  had tabs  extending through the  bag. This made i t  poss ib le  
to charge the c e l l .  The pos i t i ve  of t h i s  c e l l  was X-rayed during 
charge, overcharge, and open c i r c u i t ,  as was described i n  the  
Second Quarterly Report. The discharged c e l l  was placed on charge 
a t  50 ma  within the  goniometer of the X-ray apparatus and cont inual ly  
monitored between an angle sweep of 2 0  = 1 2 O  t o  14.5'. 
w a s  swept between 2 e =  12' t o  14.5O, a l s o ,  while on opened c i r c u i t  
The c e l l  
fo r  an addi t iona l  4 hours. 
series of sweeps were made between 2 3= 1 2  
After  65 hours on open c i r c u i t ,  another 
0 
t o  19'. The c e l l  was 
5 .  
discharged, and again charged i n  t h e  goniometer a t  50 ma. 
w a s  increased t o  2 8 = 10' t o  80'. 
hours. 
The sweep 
The charge continued f o r  24 
The c e l l  was then swept between 2 8 = 10' t o  80' on opened 
c i r c u i t  i n i t i a l l y ,  and a f t e r  16 hours. 
In order t o  show t h a t  no "strange" l i n e s  occur due t o  t h e  
p r e c i p i t a t i o n  of KQ? c rys t a l s ,  a c e l l  cons is t ing  of two unimpreg- 
nated s in t e red  p l a t e s  w a s  b u i l t  and charged i n  t h e  goniometer i n  
the  same manner. The c e l l  was charged f o r  4 hours a t  200 ma. 
(b) S t ab le  Nickel Oxides  
After formation cycles of the  standard 3 negat ive ,  2 p o s i t i v e  
p l a t e  c e l l s ,  a s  described in t h e  Second Quarterly Report, were 
completed, it was necessary t o  determine t h e  C and C/10 r a t e s  f o r  
these  c e l l s .  
The capacity a t  t h e  C and C/10 r a t e  was determined by d i s -  
charging t h r e e  c e l l s  a t  the theo re t i ca l  C and C / 1 0  rate. The 
t h e o r e t i c a l  is  defined as the coulombic equivalent of t h e  mean 
number of moles of n icke l  hydroxide gained by the  s i n t e r e d  material 
during impregnation. Ihe theo re t i ca l  r a t e s ,  on t h i s  bas i s ,  are 
C = 1.5 amperes, C/10 = 0.150 amperes. 
(1) Determination of C and C/10 r a t e s .  
i. C Rate 
Three c e l l s  (1, 9 ,  and 10) whose capacity on t h e  5th 
formation discharge was approximately equal (see Table I11 
of the  2nd Quarterly Report), were charged a t  0.75 amperes 
for a period of 2 hours and 45 minutes and then a t  0.50 
amperes for an addi t iona l  65 minutes. 
discharged a t  1.5 amperes. 
The c e l l s  were then 
ii. C/10 Rate 
Three additional c e l l s ,  8 ,  4, and 27 of t h e  36 
formed (Table 111, 2nd Quarterly Report) w e r e  charged 
f o r  a period of 20 hours a t  0.150 ampere and then 
discharged a t  the  same r a t e .  
S t a t e  of Charge Tes t s  
i. C Rate 
Qlarge t o  2009. of Capacity 
Cells 1, 9 ,  and 10 were charged a t  the  C rate f o r  
a period of two hours. The c e l l s  were allowed t o  stand 
on open c i r c u i t  fo r  24 hours,  a t  which time t h e i r  posi-  
t ive  p l a t e s  were X-rayed. 
c e l l  1 was  also X-rayed a f t e r  a 72 hour stand. 
Charged 10% Beyond Vigorous Gassing 
One of t he  p o s i t i v e  p l a t e s  of 
C e l l  5 was r e b u i l t  t o  allow p o s i t i v e  t o  be v i s i b l e  
by t he  removal of t he  shims. The c e l l  was charged a t  t h e  
C r a t e .  After vigorous gassing w a s  noticed from the  
p o s i t i v e ,  t h e  charge w a s  continued an add i t iona l  109, of 
t he  input necessary t o  s ta r t  the  gassing. Af te r  a 24 
hour stand, the p o s i t i v e  p l a t e  of t h i s  c e l l  w a s  X-rayed. 
Charged 20% Below Vigorous Gassing Poin t  
Cells 19 and 2 4  were charged a t  t h e  C ra te  f o r  a 
length of time 20% less than t h a t  required t o  achieve 
vigorous gassing, a s  had been determined previously. 
The p o s i t i v e  of c e l l  19 was X-rayed following a 24 hour 
stand. llhe pos i t ive  of cel l  24 w a s  X-rayed a f t e r  a 72 
hour stand. 
7. 
Charged 200% - Discharged 50% 
Cells 23 and 32 were charged a t  the  C r a t e  f o r  
two hours and then inmediately discharged a t  the same 
rate f o r  30 minutes. 
X-rayed following a 24 hour stand. 
The pos i t i ve  of c e l l  32 w a s  
The pos i t i ve  of 
cell  23 w a s  X-rayed following a 72 hour stand. 
Charged 2009. - Discharged 75% 
C e l l  25 was charged a t  the  C rate f o r  2 hours a f t e r  
which i t  was discharged f o r  45 minutes a t  the same rate. 
Following a 72 hour stand, the  pos i t i ve  of t he  c e l l  was 
X-rayed. 
Charged 200% - Discharged t o  C e l l  Voltage of Zero 
C e l l  28 was charged a t  t he  C r a t e  f o r  2 hours and 
then discharged a t  the same r a t e  to a c e l l  vol tage of 
zero. After  a 72 hour s tand,  the  p o s i t i v e  of the  c e l l  
w a s  X-rayed. 
ii. C / 1 0  Rate 
Charged 2009. of Capacity 
Cells 13, 16, and 18 were charged a t  the C/10 rate 
f o r  20 hours. 
X-rayed following a 72 hour stand. 
Charged 107. Beyond Viporous Gassing 
A pos i t i ve  p l a t e  of each of the  c e l l s  w a s  
Cel l  7 was r e b u i l t  i n  such a manner as t o  make vigorous 
gassing from the pos i t i ve  v i s i b l e  ( the shims were removed). 
The c e l l  was charged a t  t he  C / L O  r a t e  t o  a coulombic 
input 10'X i n  excess of t h a t  necessary t o  produce vig- 
orous gassing,  After  a 72 hour s tand,  the  p o s i t i v e  of t h e  
c e l l  was X-rayed. 
The test w a s  repeated using c e l l  30, which w a s  
charged a t  the C/10 r a t e  f o r  11 hours. After  a 24 hour 
s tand,  an X-ray was made of one of i t s  pos i t i ve  p l a t e s .  
Charged 20% Below Vigorous Gassing Point.  
Cel ls  1 7  and 26  were charged a t  C/10 t o  an input  
equal t o  20% l e s s  than t h a t  required t o  produce vigorous 
gassing. After a 48 hour s tand ,  an X-ray w a s  taken f o r  
the  pos i t i ves  of both c e l l s .  The tes t  w a s  repeated with 
c e l l  31 by charging i t  fo r  8 hours a t  the C / L O  rate.  
After  a 24 hour s tand,  i t s  pos i t i ve  w a s  X-rayed. 
Charged 200% - Discharged 50% 
C e l l  4 was charged 20  hours a t  the  C/10 ra te  and 
then discharged a t  t he  same ra te  f o r  5 hours. The c e l l  
w a s  on open c i r c u i t  s tand fo r  72 hours before i t s  p o s i t i v e  
was X-rayed. 
Charged 2009. - Discharged 75% 
C e l l  22 was charged f o r  20 hours a t  t he  C / 1 0  rate 
and then discharged a t  t h a t  ra te  f o r  7.5 hours. 
ing a 72 hour s tand,  the  p o s i t i v e  of the  c e l l  w a s  X-rayed. 
Follow- 
Charged 2009, - Discharged t o  C e l l  Voltage Equals Zero 
C e l l  36 w a s  discharged t o  a vol tage of V = 0 a t  
t he  C/10 r a t e  a f t e r  i t  had received a 20 hour charge 
a t  t h a t  rate. This ,  too,  w a s  a p o s i t i v e  capaci ty  l imi ted  
. 9 .  
c e l l .  
t o  ana lys i s  by X-ray. 
After a 72 hour s tand,  the  p o s i t i v e  was subjected 
3 .  Development and Improvement of Measuring Techniques 
(a) D i f f e ren t i a l  Thermal Analysis 
m r e e  t h i n  chromel-alumel thermocouples w e r e  mounted i n t o  a 
new s t a i n l e s s  steel  block. One thermocouple i n  the  block records 
ambient temperature. The other  two a re  set with p o l a r i t y  i n  
opposit ion t o  each other t o  record the  temperature d i f fe rence  
between the  sample and the alumina standard.  The X-Y recorder 
i s  used t o  automatically p l o t  temperature d i f fe rences  between 
ambient and the temperature d i f f e r e n t i a l  e x i s t i n g  between alumina 
and sample. Three holes i n  the block hold the three  thermocouples. 
The thermocouple measuring ambient temperature i s  cemented i n t o  the  
hole.  The sample i s  powdered and a weighed quant i ty  packed i n t o  
the  sample compartment. The following samples w e r e  invest igated 
by d i f f e r e n t i a l  analysis :  
Alumina, Ni (OH)*  prepared i n  Ju ly  1964 and used fo r  graphi te  
a 
p l a t e s ;  Ni(OH)2 more recently prepared; commercial N i ( 0 H )  
from McKay and Company; charged s in t e red  p l a t e s ;  s in t e red  p l a t e s  
obtained 
2 
discharged t o  the "graphitic" leve l  ; completely discharged s in t e red  
p l a t e s  (below the  "graphitic" level) ; and Ba(N03)2. 
(b) Chemical Analysis 
(1) Nickel 
The determination of n icke l  has  been done by p r e c i p i t a t i o n  
from bas ic  so lu t ion ,  as n icke l  dimethylgloxime. The method 
has  been checked using pure nickel .  Determinations have been made 
on a purchase sample of n icke l  hydroxide, and on the  n icke l  hydrox- 
ide  graphi te  mix used in  the  preparat ion of tubular  p l a t e s .  
. 
10. 
(2) Oxygen 
The. decerniination of oxygen was done by means of reac t ing  
L? sanple witr!i an  excess o f  an  d c i d  s o l u t i o n  of  potassium iodine 
and t i trati .3;:  o f  the l i be ra t ed  iodine with sodium th iosu l f a t e .  
Deterxi-ations were made on N l ( O € i ) ,  (prepared i n  J u l y  1964) ,  
L 
a charged s in te red  1 ~ 0 s i t i ~ e  p l a t e  (charged a t  C / l O ) ,  a d i s -  
charTed pos i t ixe  p la te  and a charged p l a t e  (charged a t  the 
C r a t e ) .  
(3) Hydrogen  
The a p p a r a t u s  for the  determination of hydrogen has  been 
set up and i s  shown i n  Figure 1 .  
H>droten is determint.d by oxidizing the sample with 
K 2 C r 0 4  and PbCr04 a t  60OoC. 
boat. A hot  a i r  blower forces  the oxidized hydrogen (steam) 
The reac t ion  occurs i n  a porce la in  
in to  R weighed drying tube. 
(4) Determination o f  Average Valence S t a t e  of Nickel Compounds 
The xashed and dr ied sample was dissolved i n  a n  excess 
ac id i c  As203. After the d i s so lu t ion ,  the  remaining As203 w a s  
determined by t i t r a t i o n  with standard KMnO4. A determination 
of n icke l  by prec ip i t a t ion  with dimethylgloxime completes t h e  
ana lys i s .  This determination has been made on a charged 
s in t e red  n icke l  p l a t e  and a charged pocket p l a t e .  
4. Special  Tests - Analysis of Sintered Nickel Electrodes a t  the 
Graphi t ic  Level 
(a) By Means of X-ray Dif f rac t ion  
Cells 3, 33, and 34 from Phase I1 (see Table 111 of the  Second 
11 . 
Quarterly Report) w e r e  charged a t  t h e  C / 1 0  rate for 18 hours and discharged 
t o  a c e l l  vo l tage  of zero  a t  500 ma. 
f o r  4 hours and again charged a t  t h e  C / 1 0  rate f o r  17 hours. 
discharged t o  0.0 v o l t s  a t  0.30 amps with t h e  vol tage  traced by meann of 
a recorder. The cells were then 
discharged t o  the  beginning of t h e  "graphitic" level and then allcwed t o  
stand on open c i r c u i t  f o r  24 hours before a p o s i t i v e  of each c e l l  wan 
analyzed by means of X-ray d i f f r ac t ion .  
(b) 
The c e l l s  were placed on dead 8hort 
lhey  were 
llhe shor t ing  and charge were repeated. 
BY Means of D i f f e r e n t i a l  mermal Analysis 
The p o s i t i v e s  of c e l l s  3 and 33 w e r e  washed with d i s t i l l e d  water 
and a i r  dried.  
and s tored  i n  the  sample holder of t he  s t a i n l e s s  steel block. 
w e r e  then analyzed by d i f f e r e n t i a l  thermal ana lys i s  as has been described 
Samples from each p l a t e  w e r e  ground i n  a mortar and p e n t l e  
Both sample8 
i n  t h i s  repor t .  
DATA 
1. Phase I 
B- - 
The X-ray d i f f r a c t i o n  pa t t e rns  obtained from the 
8 ,  2 ,  and 24 appear i n  Figures 2 ,  and 4 respec t ive  
been on th ree  month stand a t  loo,  2 5 O  and 50°C. 
p o s i t i v e s  of tubular  c e l l s  
y. Cel ls  8 ,  2 and 24 had 
A l l  o ther  da ta  generated for  Phase I have been presented i n  t h e  F i r s t  and 
Second Quarterly Reports. 
2. Phase I1 
(a) Unstable Nickel Oxides 
Figure 5 shows t h e  change in  i n t e n s i t y  of t he  X-ray d i f f r a c t i o n  p a t t e r n  
0 
between 2 e = 1 2  t o  1 4 . f w i t h  charge time and on opened c i r c u i t .  
appears a t  1 3 . 7 O  growing during charge and decaying on opened c i r c u i t .  
65 hours,  t h e  peak a t  13.7 has  disappeared. 
f r a c t i o n  p a t t e r n s  of t h e  pos i t i ve  between 2e= loo t o  80' while t h e  cel l  
w a s  being charged a t  50 m a  (the C rate). 
A peak 
Af ter  
Figure 6 shows the  X-ray d i f -  
-~ 
I 
12. 
Figure 7 shaws the  sweep f o r  2 C 9  = 80' t o  loo with charge continuing. 
the  completion of t h i s  sweep, the  c e l l  had been on charge 140 minutes. 
Figure 8 shows a sweep between 2 d = 80° t o  10' with the  c e l l  on open cir- 
c u i t ,  
been on opened c i r c u i t  fo r  16 hours. 
2 8  = 10' t o  80° of a s intered p l a t e  being pos i t i ve ly  charged a t  200 ma: 
Fig. 11 shows the  same sweep a f t e r  the c e l l  had been on continuous charge 
f o r  4 hours. 
(b) Stable  Nickel Oxides 
A t  
0 Figure 9 shows a sweep between 2 6= loo  t o  80 a f t e r  t he  c e l l  has  
Fig. 10 shows a weep  between 
(1) Determination of t h e  C and C/10 Rate 
i. C Rate 
C e l l s  1, 9 ,  and 10 when discharged a t  1.5 amperes required 
46 minutes t o  reach 0.0 v o l t s .  To the  nearest  t en th ,  t he  C rate 
then was s e t  equal t o  1.2 amperes. 
ii. C/10 Rate 
Cells 8, 4 and 27 when discharged t o  0.6 V a t  0.150 amperes 
required 9 hours and 56 minutes, 10 hours and 4 minutes, and 9 
hours and 48 minutea respect ively.  Thus, 0.150 ampere w a s  eetab- 
l i shed  a s  the  C/10 discharge r a t e .  
(2) S t a t e  of Charge Tests 
i. C Rate 
Charged 200% of Capacity 
The pos i t i ves  of c e l l s  1, 9 ,  and 10 yielded X-ray p a t t e r n s  
which were a duplicate of one another. 
pa t t e rns  of a pos i t ive  of c e l l  1 is typ ica l .  
of t he  c e l l  was X-rayed following a 72 hour stand. 
is sham i n  Figure 13. 
margd la Beyond Vigorous Gassing Point .  
Fig. 12 shming  X-ray 
zhe other  pos i t i ve  
The p a t t e r n  
me p o r i t i v e s  of ce l l  5 began t o  gar viWrouslY after 
hing charge f o r  65 minute8 a t  1.2 -*re.* The 
a .- 
c e l l  was continued on charge f o r  a t o t a l  of 71.5 minutes. 
Figure 1 4  shows t h e  X-ray pa t t e rn  obtained from a p o s i t i v e  
p l a t e  of c e l l  5. 
Charged 20% Below Vigorous Gassing Point 
Cells 19  and 24 were charged a t  1.2 amperes f o r  
52 minutes which corresponds t o  20% l e s s  input than 
required t o  reach vigorous gassing. The p a t t e r n  ob- 
tained from the p o s i t i v e  of c e l l  19 i s  shown i n  Fig. 15. 
Charged 200% - Discharged 50% 
X-ray pa t te rns  were obtained from t h e  p o s i t i v e s  of 
c e l l s  2 3  and 32. Figure 16 shows t h e  t y p i c a l  r e s u l t .  
It i s  the  X-ray p a t t e r n  of c e l l  23. Previous t o  X-ray 
the  c e l l s  were charged f o r  2 hours a t  1.2 amperes and 
discharged for 30 minutes a t  t h e  same ra t e .  
Charged 200% - Discharged 751. 
Cel l  25 was charged a t  1.2 amperes f o r  2 hours and 
then discharged f o r  45 minutes a t  t h e  same rate. The 
X-ray pa t t e rn  obtained from t h e  p o s i t i v e  of t h i s  c e l l  
i s  shown i n  Fig. 17. 
Charged 200% - Discharged t o  C e l l  Voltage of Zero 
C e l l  28 was charged a t  1.2 amperes f o r  2 hours and 
then discharged t o  a c e l l  vo l tage  of zero, a t  t h e  same 
rate. 
zero v o l t s .  
of t h i s  c e l l  i s  shown i n  Fig. 18. 
ii. C/10 Rate 
Charged 200% of Capacity 
me c e l l  required 55 minutes of discharge to  reach 
The X-ray d i f f r a c t i o n  p a t t e r n  of a p o s i t i v e  
The X-ray pa t t e rns  appearing i n  Figure 19 is  typ ica l  
f o r  the pos i t ives  of c e l l s  13, 16 and 18, These c e l l s  
were charged a t  0.150 amperes, which was the value de te r -  
mined a s  t h e  C/10 r a t e .  
Charged 109, Beyond Vigorous Gassing Point  
Cel l  7 required a charge of 855 minutes a t  0.150 
amperes before vigorous gassing was noticed. The c e l l  
received an addi t ional  85 minutes of charge. 
d i f f r a c t i o n  pa t te rn  from a pos i t i ve  of t h i s  c e l l  i s  shown 
i n  Figure 2 0 ,  
me X-ray 
C e l l  30 was charged a t  0,150 amperes fo r  11 hours 
and i t s  pos i t ive  w a s  X-rayed. The pa t t e rn  obtained i s  
shown i n  Figure 21. 
Charsed 209. Below Vigorous Gassing Point 
%e X-ray d i f f r a c t i o n  pa t t e rn  of c e l l s  17 and 26 
were observed and found similar t o  each other.  m e  
pa t t e rn  obtained f o r  the pos i t i ve  of cell 1 7  is shown 
i n  Figure 22. Previous t o  X-ray, these  c e l l s  were charged 
684 minutes a t  0.150 amperes, which corresponds t o  an 
input of 20% below t h a t  required t o  reach vigorous gassing. 
The X-ray pa t te rn  of a pos i t i ve  of c e l l  31 appears 
i n  Figure 23 .  
a t  0.150 amperes. 
This cel l  w a s  previously charged for  8 hours 
1s . 
Charged 200% - Discharged 5 a  
Cell  4 Was charged a t  0.150 amperes f o r  20 hours 
and then discharged a t  t h a t  r a t e  fo r  5 hours. Its 
pos i t i ve  was X-rayed and the  p a t t e r n  obtained appears 
i n  Figure 24. 
Charged 2002 - Discharged 75% 
The X-ray pa t t e rn  obtained from the  poe i t ive  of 
of c e l l  22 is shown i n  Figure 25. 
charged f o r  20 hours a t  0.150 amperes and then discharged 
f o r  7% hours a t  0.150 amperes. 
Charged 2002 - Discharged t o  C e l l  Voltage of Zero 
The c e l l  war previotuly 
C e l l  36 was charged a t  0.150 amperes f o r  20 hours and 
then discharged t o  a c e l l  vol tage of zero. 
required 11 hours and 42 minutes. 
ta ined from a pos i t ive  of t h i s  c e l l  appears in Figure 26. 
Zhe dircharge 
The X-ray p a t t e r n  ob- 
3. Development and Improvement of Measuring Techniques 
(a) D i f f e r e n t i a l  mermal Analysis 
D. T. A. ca l ib ra t ion  with a l m i n a  and &(No312 yielded s a t i a -  
fac tory  data.  
prepared i n  this laboratory,  one of which vas  purchased, were 
analyzed. llhe r e s u l t s  indicated a t r a n s i t i o n  a t  temperature. 
of 53g0F, 580°F and 660°F f o r  the  samples prepared here  in 
July 1964 and i n  ear ly  1965, and fo r  the  purchased sample. 
tqenaogram obtained frm a s in t e red  n icke l  p l a t e ,  charged a t  
the  C r a t e ,  appears in Figure 27. Varioue phare changes a r e  
indicated.  
charged a t  C/ lO .  
indicated here, 
m r e e  samples of Ri(m),, two of which were 
A 
Figure 28 shows a thermogram fo r  a s in t e red  p o s i t i v e  
An even grea te r  nmber  of t r a n s i t i o n s  a r t  
A thenaograa of a campletely d i e d a r g d  Plate* 
16 . 
Figure 29, ind ica tes  only one t r a n s i t i o n  a t  583OF. Figure 30 is  
a thermogram of a sample of  a pos i t i ve  p l a t e  discharged t o  the  
11 graphi t ic"  leve l .  This d i f f e r s  from t h a t  obtained with the  
charged and completely discharged p la tes .  
(b) Chemical Analysis 
(1) Nickel 
The standardizat ion sh owed the dime thy 1 g 1 ox h e  method 
fo r  n icke l  t o  be highly accurate  and precise .  The amount of 
nickel  found i n  the Ni(OH)2 which was used f o r  t he  tubular  
p l a t e s  corresponded t o  t he  theo re t i ca l  amount. The sample 
received from an outside source contained only 95% of the  
expected amount of nickel.  
(2) Oxygen 
No oxygen was found by t h i s  method f o r  Ni(OH) o r  i n  the  2 
discharged p l a t e .  Less than 5% of the  expected amount w a s  
found fo r  t he  charged p l a t e .  
(3) Hydrogen 
The apparatus for the determination of hydrogen has  been 
set up. Data will be obtained during the next quarter .  
undo Determination of Average Valence S t a t e  of Nickel Coapa (4) 
It was found necessary t o  perform the  t i t r a t i o n  of excess 
As203 with -O4 a t  a temperature of 90°C in order t o  make it 
proceed with s u f f i c i e n t  rap id i ty .  
s u f f i c i e n t  da ta  t o  report  t he  valence s ta te  of n i cke l  by t h i s  
method . 
As y e t ,  we  do not  have 
17. 
4. Special  Tests  - Analyris of Sintered l l ickel Electrode a t  the 
Graphitic Level 
(a) Weans of X-ray 
No major d i f fe rence  between the  main peaks of a campletely 
discharged p l a t e  and those a t  t he  g raph i t i c  level are apparent. 
(b) BY Means of D i f f e ren t i a l  Thermal Analysis 
Figure 30 shows a thermogram of the  p o s i t i v e  p l a t e  of a 
c e l l  discharged t o  the  graphigic level. 
considerable d i f f e r e n t  f rua t h a t  obtained from a completely d i s -  
This thermogram is 
charged pos i t ive .  The thermogram indica tes  several t r a n s i t i o n s  
f o r  a p l a t e  discharged t o  the  g raph i t i c  level, while,  as previously 
mentioned, only a s i n g l e  change is indicated by the  completely 
discharged p l a t e .  
C. DISCUSSION 
1. Phase I 
The "d" spacings obtained f r m  tubular  p l a t e  ma te r i a l s  a f t e r  s torage 
f o r  3 months a t  loo, 2S0, and 50°C were tabulated and compared t o  s imi l a r  
p l a t e  mater ia l  a f t e r  s torage for 24 hours a t  the  same three  temperatures. 
The 24 hour data  were given i n  Figures 8 ,  7, and 9 of the  Second 
Quarterly Report. The in tens i ty  of  these spacings are Shawn i n  Table I. 
(The i n t e n s i t y  is the  difference between peak height  and background level). 
The t a b l e  revea ls  the  formation of addi t iona l  spacings a f t e r  extended 
s tand,  espec ia l ly  fo r  the  mater ia l  kept a t  50°C; 
of "d" = 2.32 t o  2.34A a f t e r  extended s torage  would ind ica te  t h a t  i n  a 
tubular  e lec t rode  t h i s  l i n e  is assoc ia ted  with a form of n icke l  oxide which 
undergoes change during stand. 
The decrease i n  i n t e n s i t y  
0 
. 18. 
Phase I1 
(a) Unstable Nickel &ides 
The peaks corresponding t o  the  "d" spacings have been tabulated 
fo r  t he  p o s i t i v e  of the c e l l  while i t  w a s  on charge and overcharge. 
This was a l s o  done for i n i t i a l  opened c i r c u i t  and a f t e r  16 hours 
on opened c i r c u i t .  As Table I1 shows, a peak occurs a t  "d" = 6.95 
( 2  a= 12.7)  which i s  formed during charge and overcharge and which 
decays during stand. 
stand. 
t he  continuous sweep of 2 e = 12O t o  14.5' (Figure 5). According 
t o  Toumi's recent  a r t i c l e ,  a t e t r a v a l e n t  phase of n icke l  is asso- 
c i a t ed  with 2 Q = 125'. This peak value has  a l s o  been assoc ia ted  
It has  completely decayed a f t e r  16 hours of 
This peak is ,  roost probably, t he  same one encountered during 
with 3 N i o ( M .  
Figures 10 and 11, f o r  t he  s in t e red  Ni being anodized, show 
peaks a t  "d" = 4.47-4.53 and 2.47 i n  addi t ion  t o  t h e  n icke l  and 
polyethylene peaks. 
a f t e r  a 4 hour charge and a r e  associated w i t h  N i ( 0 H )  Thus, it 
can be concluded t h a t  no "strange" peaks occur due t o  t h e  drying 
out of KOH on overcharge. 
(b) S t ab le  Nickel Oxides  
These two peaks did not  increase  i n  i n t e n s i t y  
2' 
The "d" spacings and t h e i r  i n t e n s i t i e s  a t  various states of 
charge a r e  shown i n  Table 111. 
C and C/10 rates. 
and capacity a t  t h e  C/10 rate,  add i t iona l  tests were run, taking 
10 hours as f u l l  charge and charging 10% above and 20% below 
t h i s  value (Figure 21, 23). 
This has  been done for  both t h e  
Due t o  the  discrepancy between gasking po in t  
19 . 
All t he  p o s i t i v e  electrodes showed a peak f o r  d - 4.50 to  4.4, 
The i n t e n s i t i e s  a t  t h i s  "d" value seemed the  same f o r  a l l  plate. 
charged and discharged a t  t h e  C rate (Figs. 12 through 18). =e 
two p l a t e s  considerably overcharged a t  t h e  C/10 rate (Fig. 19 and 
20) a l s o  exhibited an in t ens i ty  similar t o  t h e  p l a t e r  charged and 
discharged a t  t he  C ra te .  
charged and discharged a t  t h e  C/10 rate (Figs. 20-26) are lesr 
than h a l f  the  magnitude of those described i n  the  two previous 
sentences. 
oxide e lec t rodes  has ascribed d = 4.50-4.7OA t o  both the  charged 
and discharged s t a t e .  No s ign i f i cance  can y e t  be assigned t o  
these  data. 
!&e i n t e n s i t i e s  f o r  t h e  r-ining p l a t e r  
The l i t e r a t u r e  dealing with X-ray s tud ie s  of n i cke l  
0 
Peaks appear a t  a l l  states of charge for  d = 2.471 except one. 
The p l a t e  completely discharged a t  t h e  C/10 rate (Fig. 26) is the 
exception. 
has  the  lowest i n t ens i ty  f o r  t h i s  "d" spacing. 
discharged completely a t  t he  C/10 rate w a s  driven t o  a lower state 
of charge than t h a t  discharged a t  the  C rate (due t o  overvoltage and 
I.R. drop), t h e  low value shown i n  Fig. 18 and t h e  camplete d i r -  
appearance of the  peak i n  Fig. 26 i s  s i g n i f i c a n t .  The i n t e n r i t i e r  
obtained a t  t h i s  "d" value show no s i g n i f i c a n t  v a r i a t i o n  among the 
other p l a t e s  (Figs. 12-17, 19-25). 
t h a t  t h e  peak of d = 2.47A is  assoc ia ted  with a dischargeable n i c k e l  
oxide. 
The p l a t e  completely discharged a t  t he  C rate (Pig. 18) 
Since the  p l a t e  
It is concluded, therefore ,  
0 
When only Ni(OlI)2 i s  present ,  t he  l i n e  i r  C a m p l e t e l Y  miss-. 
0 
The peak appearing a t  d = 3.73-3.77A ah- i n  Table IIIr and 
0 
those a t  d - 3.62-3.73Ain Table 11, can be assuned t o  be the 
These peaks appear during charge and overcharge and do not decay 
20 . 
on stand (Table 11). 
t h i s  l i n e  appears i n  a l l  plates,  Figures 12-17, except the p l a t e  
completely discharged, Figure 18, (Table 111). 
A t  the C rate charge and discharge (1.2 -8)  
0 
A t  t he  value d = 2.32-2.36A no l i n e  appears f o r  t h e  four 
p l a t e s  which were considerably overcharged and not  discharged, 
(Figures 1 2 ,  13, 19 and 20). This l i n e  appears f o r  all t h e  o the r  
p l a t e s .  This ind ica t e s  tha t  t h e  peak a t  d = 2.32-2.3fjA i s  aseociated 
with the  discharged s t a t e  of t he  n i cke l  electrode. Its absence as 
a peak among those given i n  Table 11 supports the  above contention. 
0 
I n  order t o  quan t i t a t ive ly  determine the  state-of-charge of 
the  n i cke l  oxide electrode by means of X-ray d i f f r a c t i o n ,  i t  may 
be necessary t o  consider the depth of pene t ra t ion  of X-rays i n t o  
the  s i n t e r e d  p l a t e  electrode. The d i f f r a c t i o n  p a t t e r n s  obtained 
from a p l a t e  which has been discharged 50% appear t h e  same as 
those obtained from a p l a t e  discharged 75%. 
The formation of n icke l  compounds during charge and discharge 
of t he  s in t e red  p l a t e  electrode can occur by one of t h e  two follow- 
ing mechanisms; (1) atom t r a n s f e r  a t  t he  e l e c t r o l y t e / a c t i v e  material 
i n t e r f a c e  with charge t r ans fe r  a t  the  a c t i v e  ma te r i a l /g r id  i n t e r f a c e ;  
(2) both charge and atom t r a n s f e r  a t  t h e  e l e c t r o l y t e / a c t i v e  material 
in t e r f ace .  
co r rec t ly  descr ibes  the  processes occurring during charge and d i s -  
charge of the  s in t e red  p l a t e  p o s i t i v e  electrode. 
Ihe d a t a  would ind ica t e  t h a t  t he  f i r s t  mechanism 
3. Development and Improvement of Measuring Technique 
(a) D i f f e ren t i a l  Analysis 
The s ing le  t r ans i t i on  which was found t o  occur corresponds t o  
tha t  found fo r  the  completely discharged p l a t e  (Pig. 29). 
would ind ica t e  t h a t  t he  ac t ive  mater ia l  of completely discharged 
p l a t e s  cons is t s  e s sen t i a l ly  of Ni(OM) 
C r a t e  i nd ica t e s  the  presence of some Ni(OSI)2 a s  w e l l  as other  
compounds (Fig. 27). 
even a grea te r  number of compounds than t h a t  charged a t  the  C rate.(Fig 28) 
T%is 
The p l a t e  charged a t  t he  
2. 
The p l a t e  charged a t  the C/10 r a t e  i nd ica t e s  
The p l a t e  discharged t o  the "graphitic" leve l  ind ica tes  compounds 
d i f f e r e n t  from both the  charged and discharged p l a t e s ,  as seen i n  
Fig. 30. These compounds remain t o  be iden t i f i ed .  
(b) Chemical Analysis 
(1) Nickel 
The f a c t  t h a t  the amount of nicke l  determined from the  
purchased Ni(OR)2 was only 957. of the  t h e o r e t i c a l  value 
ind ica t e s  the  presence of some impurity. 
(2) ,oxyRen 
The method using KI and s o d i m  t h i o s u l f a t e  for t he  de t e r -  
mination of oxygen is not s a t i s f a c t o r y  f o r  our purpore. & 
a l t e r n a t e  method, involving decomposition of t he  sample and 
the  subsequent absorption of oxygen,will be u t i l i z e d  henceforth.  
4. Special  T e s t s  - Analysir of Sintered Nickel Electrode a t  the 
"Graphitic" Level. 
X-ray d i f f r a c t i o n  indicated no di f fe rence  between the pomitive 
p l a t e s  discharged t o  the  "graphitic" level and those completely discharged, 
hawever, D.T.A. indicated conriderable difference.. =e c-dr 
22. 
corresponding t o  the  "graphitic" l e v e l ,  found by means of D.T.A. 
e i t h e r  be adjacent t o  the grid or amorphous. E i the r  of these considera- 
t i ons  would mask t h e i r  appearance when analyzing by means of X-ray. 
may 
D . CONCLUSIONS 
1. A n i cke l  oxide compound is formed during charge and overcharge of 
the  p o s i t i v e  e lec t rode  which has a peak between 2 0 = 12' and 14O. 
peak has been associated w i t h  a t e t r ava len t  n i cke l  compound i n  Touni's 
recent a r t i c l e .  It h a s  a l s o  been associated with NiOOH. The peak 
I h e  
grows during charge and decays during stand. It disappears completely 
a f t e r  16 hours opened c i r c u i t  stand. 
2. Compounds o the r  than Ni(OH) e x i s t  a t  t he  "graphitic" level. This 
2 
has  been found using D.T.A., but i s  not v i s i b l e  by means of X-ray 
d i f f r a c t  ion. 
3. 
due t o  c r y s t a l l i z a t i o n  of KctI has  been disproved. 
4. 
t rode  is  associated with a dischargeable n icke l  oxide. 
The hypothesis t h a t  "d" l i n e s  are formed during extended overcharge 
0 
The l i n e  d = 2.47A obtained by X-ray d i f f r a c t i o n  of a p o s i t i v e  e lec-  
According t o  
the  ASlM f i l e s  t h i s  l i n e  can be associated with 6 NiOOH N i m ,  
Ni203  H20,  Ni2O-j 2H20, and Ni302(cP1)4. 
5 .  
oxide. 
me l i n e  d = 2.32-2.3d is assoc ia ted  with a discharged n i c k e l  
AS'IM f i l e s  assoc ia te  t h i s  l i n e  with Ni(OE)2. 
IV WORK PIANNED FOR 3HE NEXT QUARTER -
A. CONTINUATION OF O V E R W G E  EXPERIMENT 
0 
%e half-life of the compound corresponding to d = 6.95A will be 
determined. 
the nickel in this compound. 
An attempt will be made to determine the valence state of 
B. CHEMICAL ANALYSIS 
1. Hydrogen 
The hydrogen analysis, as described in the text of this report 
and as shown in Fig. 1, will be performed on the nickel electrode. 
2. Oxygen 
The determination of oxygen by means of the acidic KI method 
has been abandoned, and in its stead, we will use Oxorbent to absorb 
oxygen from a thermally decomposed sample. 
3. Valence State of Nickel 
The determination of the valence state of nickel in plates at 
various states of charge, by the means outlined in this report, will 
be continued. 
4. Formula Weight 
Formula weights corresponding to the charged and discharged state 
of the active material of a nickel electrode will be determined. 
C o  DmTA. 
Electrodes at various states of charge will be analyzed under reducing 
and inert atmospheres 
D. PHASE 111 
The preparation of electrodes capable of retaining charge at elevated 
These will be tested, an war dercribed I n  temperatures will be initiated, 
the outline of the program in the First and Second Quarterly Reports. 
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FIGURE 1 APPARATUS SET UP FOR HYDROGEN DETERMINATION 
GULTON lNDUSTRlES INC. 
MRUCHUI, I& J. 
M2945 








I 













. 
a 
I 
I- 
& I t 
1 - -  -: P 
e 
e 

a 
“Y 4 

